The recent discovery of meso-cluster phase includes not only colloidal molecules of synthetic polymer particles but also equilibrium protein clusters. Here we report self-assembly of histone protein into stable submicron clusters that can be generated even in centrifuged supernatants containing no initial aggregates. Furthermore, dark-field microscopy of the electrophoresis has verified charge reversal of individual histone clusters by adding DNA. We have determined the critical nucleotide concentration at which the electrophoretic mobility vanishes in three types of DNA, revealing the coexistence of nucleosomes with DNA-wrapped meso-clusters.
Introduction
The existence of competing short-range attractions and longrange repulsions among constituents is essential for the emergence of a mesophase in a wide variety of condensed matter systems, ranging from electronic systems to selfassembling amphiphilic molecules [1] [2] [3] [4] [5] . The competition mechanism has led us to the recent discovery of colloidal meso-clusters [6] [7] [8] .
Confocal microscopy of synthetic polymer colloids has investigated the local packing as well as the overall shapes of clusters, offering new insights into a geometrical frustration behind non-equilibrium phenomena such as nucleation, gelation and glass transition [9, 10] .
For globular proteins, however, the equilibrium cluster formation remains experimentally controversial [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] , because dispersed protein clusters are difficult to characterize. Nevertheless, this issue has been central to the problem of protein crystallization, a crucial phenomenon in structural biology [20] [21] [22] . Small-angle scattering experiments of concentrated lysozyme solutions at low ionic strengths have revealed spectra that exhibit two peaks or one peak with a shoulder [8, 12, [14] [15] [16] [17] [18] . One interpretation of these spectra is that the first peak of the lower scattering vector corresponds to cluster-cluster correlations, whereas the second peak of the higher vector corresponds to the local positional order of monomers that form meso-clusters [8, 12, 16] ; in contrast, other researchers have claimed that the structure factors of these same solutions can be explained without the presence of clusters [14, 15, 17, 18] . A strategy to settle this dispute would be to find another type of protein cluster that is detectable by a technique other than scattering methods. As a candidate, we select histone, a key element of epigenetic therapy [23] .
Our focus has been on chromatin as an elaborate organization of octamer cores with enwrapping DNA, namely, nucleosomes [24, 25] . As a result, it has been found that each histone octamer contains about 30 cationic residues that are exposed to the solvent and are involved in interactions with DNA [25] , whereas the net charge number per lysozyme ranges from six to eight according to a study concerning mesocluster formation [13, 26] . Due to the square dependence on charge number, the difference in effective charge leads to a more than ten-fold increase in the strength of longrange Coulomb repulsion between a pair of histone octamers in comparison to that between a pair of lysozymes. The Figure 1 . Experiment schematics. The sample preparation processes include filtering using a plastic porous filter and a centrifuge, and the addition of DNA. Five different suspensions were investigated, designated as sample-I-sample-V. Each sample contains up to three types of particles, including octamer cores, submicron meso-clusters, and micron aggregates. The labels below the sample names specify the experiments that were performed for the corresponding solutions, where 'DLS' and 'FE-SEM' stand for dynamic light scattering measurements and field emission scanning electron microscopy, respectively. changing balance among competitive interactions is expected to stabilize larger aggregates without adding DNA. In fact, we have succeeded not only in detecting histone meso-particles, aside from octamers, that undergo Brownian motion and electrophoresis, but also in creating oppositely charged mesoclusters with DNA wrapped around, instead of sedimentary histone-DNA complexes (see movie S1 in supplementary data available at stacks.iop.org/JPhysCM/23/072206/mmedia). Figure 1 summarizes various histone samples that were prepared in different ways. In what follows, we will describe the experimental results along the sample numbers defined below (see also figure 1 ). Dynamic light scattering (DLS) measurements were performed on both sample-I without filtering and sample-II after passing through a micron-poresize filter. Another filtering of the supernatant solution yielded sample-III, and eventually sample-IV, wherein emergent mesoclusters were detected via dark-field microscopy. The addition of three different DNAs at various concentrations to sample-II produced histone-DNA complexes (sample-V).
Materials and methods
We dissolved histone powder, which was obtained from Calf Thymus (Wako), in deionized water via stirring and incubating at 20
• C for three days, which resulted in a salt-free solution that was stable in a pH range from 7.2 to 8.2. We added to the histone solution DNAs with three different chain lengths: λ-phage DNA (48502 bp, Takara), bacteriophage X174 DNA (5386 bp, Takara), and salmon sperm DNA (approximately 100 bp, Wako), which will be denoted by DNA-L, DNA-M, and DNA-S, respectively. We used aminated (positively charged) polystyrene latex spheres with a nominal diameter of 180 nm (Bangs Labs) as a reference sample of histone meso-clusters in the evaluation of the number density of Brownian particles from the micrographs.
Dynamic light scattering measurements were performed using an ALV-5000/E (ALV, Langen) correlator system, and a CONTIN analysis of the autocorrelation functions for the scattered light intensity provided the decay time distributions. We observed particle Brownian motion and electrophoresis via dark-field microscopy using a zeta potential analyzer (Zeecom, Microtec). The inherent electrophoretic drift velocity is obtained from fitting theoretical velocity distribution [27] to the measured one as a sum of electrophoretic and electroosmotic velocity profiles inside a rectangular cell used. The total number of histones during the formation of meso-clusters was assayed via the Bradford method (Wako) by measuring the light absorbance at 595 nm using a spectrophotometer (U-3900/3900H, Hitachi). Field emission scanning electron microscopy (FE-SEM) images of Au-coated particles were obtained using a JSM-7300F (JEOL, Japan) field emission scanning electron microscope operating at a 10 kV acceleration voltage.
We evaluated the mean hydrodynamic radius of Brownian particles detected by both the DLS and the dark-field microscopy, as follows. In the simple case of a Newtonian viscous fluid, the mean square displacement (MSD), r 2 (t) , of colloids is proportional to a time interval t when the particle displacement is r(t):
where d denotes the spatial dimension, and D the diffusion constant. The correlation function g (2) (t) for the intensity of scattered light is expressed by the normalized field autocorrelation function g (1) (t) as g (2) 
where A is an instrument constant. The autocorrelation that was incubated at 20
• C for four weeks, and a result for the normalized distribution function of the decay time of the autocorrelation function of scattered intensity at a scattering angle of 20
• . From this picture, we can observe that the suspension is macroscopically transparent. Nevertheless, the decay time distribution clearly shows the existence of three different relaxation modes that correspond to three types of histone particles. The particle size that was evaluated for each of the three peaks in the decay time distribution is indicated with an arrow above the corresponding peak.
function g (1) (t) yields the MSD r 2 (t) = −(6/q 2 ) ln{g (1) (t)}, where the length of scattering vector q is given by q = 4π n sin(θ/2)/λ, with θ the scattering angle, n the refractive index of the medium, water, and λ the wavelength of the light. We take d = 3 in equation (1) for the MSD obtained from the autocorrelation function, i.e., the DLS experiment, whereas the displacement vector r(t) lies in a two-dimensional plane when we obtain the MSD from the video analysis of Brownian trajectories of tracer particles observed by dark-field optical microscopy; therefore the appropriate choice of d in equation (1) is d = 2 in the latter experiment. Because equation (1) relates the MSD to the diffusion constant D, the hydrodynamic radius a of Brownian particles is evaluated from the MSD result obtained by both the DLS measurement and the optical image analysis, via the Stokes-Einstein relation, D = k B T /(6πηa) with k B T the thermal energy and η water viscosity. Figure 2 shows a typical distribution of decay time that was obtained by DLS at a scattering angle of 20
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Mean hydrodynamic diameter of meso-clusters in sample-I and II
• for a histone solution (sample-I in figure 1 ) with a concentration of 0.4 g l −1 , which depicts the existence of three relaxation modes. The scattering-angle dependence of the decay time assures that each relaxation mode is ascribable to a distinct size class of free-diffusing particles in the dispersion; this allows us to compute the hydrodynamic diameters for individual peaks using the Stokes-Einstein relationship described in section 2. For the three peaks depicted in figure 2 , we evaluate hydrodynamic diameters of 13 nm, 88 nm, and 3.8 μm, from which we are able to infer the relaxation mechanisms as follows. The fastest relaxation is due to the diffusion of 10 nm octameric cores. The second relaxation is associated with some mesoscopic objects, which will be hereafter referred to as meso-clusters of histones. Aggregates of several microns in size that cause the slowest relaxation also remain.
When the solution was filtered through a 1.2 μm filter (Minisart, Sartorius) to obtain sample-II, the last relaxation disappeared while the intermediate mode remained, indicating that the meso-clusters are distinguishable from the precipitates and coexist with octamers, similarly to fluorescence correlation spectroscopy results of amyloid solutions [19] . FE-SEM was employed to further observe the naturally dried sample of the same histone solution (sample-II) that was used in the DLS experiment. Figure 3 shows a typical FE-SEM image, depicting several submicron clusters in the majority of histone octamers.
Time course of meso-cluster formation: from sample-III to IV
There is an alternative route that was used to prepare the darkfield microscopy sample (sample-III), which consisted of an Figure 4 . The meso-cluster formation process. Two kinds of density, C meso and ρ histone , are plotted on the same graph as a function of incubation time after the extraction of the supernatants. The black solid circles represent the number density of meso-clusters, C meso , that were counted in the dark-field micrographs, and indicate the generation of meso-clusters within one day and density saturation within one to two days. The white open circles correspond to the weight concentration of the total amount of histone, ρ histone , as detected by the Bradford method, which maintains an invariant value that is nearly equal to the prepared density of 40 mg l −1 .
aqueous supernatant extract of a histone solution (40 mg l −1 )
obtained by centrifuging at 660g for 6 h. Although dark-field microscopy is capable of distinguishing 100 nm particles, we found no particles in sample-III during the initial few hours of observation following sample preparation; it took us more than several hours to observe a few particles (sample-IV). The Brownian trajectories of these particles were measured to yield the mean hydrodynamic diameter of about 80 nm, which is close to the intermediate value of 88 nm evaluated in the earlier DLS experiment. Once the Brownian particles were detected by dark-field microscopy, the mean diameter of the observed particles was unchanged. Therefore, we can conclude that the particles that emerged during the observation were neither octamers nor micron-size aggregates but were, instead, submicron meso-clusters. We counted the number density of meso-clusters and simultaneously measured the total amount of constituents, namely, histone proteins. Figure 4 depicts the time dependence of the number density of meso-clusters, C meso , as well as the weight concentration of total histones ρ histone . While ρ histone takes a constant value that is close to the prepared density of 40 mg l −1 , the meso-clusters that are eliminated by centrifuging appeared again within one day with an increasing number density that saturated to a constant value within two days. Remarkably, these submicron particles remained dispersed in a solution maintained at 20
• C even after approximately one month, and, moreover, this solution maintained a number density that was equivalent to the aforementioned saturation value. The long-lived state proves that these submicron particles are unrelated to the precipitates that may have failed to dissolve during the initial sample preparation and are, instead, identifiable as meso-clusters due to the equilibrium self-organization of histone octamers.
Charge reversal of sample-V by adding DNAs to sample-II
Under an externally applied electric field, the meso-clusters, which are positively charged in the absence of DNA, migrated in the direction of the electric field; however, the addition of DNA-L to the solution caused a surface charge inversion and a directional reverse of apparent electrophoresis (see movie S1 in supplementary data available at stacks.iop.org/JPhysCM/23/ 072206/mmedia). By analyzing the electrophoretic trajectories that were observed in the mid-plane of the sample cell, we obtained the velocity histogram depicted in figure 5(a) , which clearly shows a change in the measured velocity distribution upon the addition of DNA-L. Although the electroosmotic flow is included in the present velocity distribution, this effect contributes to enhancing the cationic electrophoresis; therefore, the directional reverse indicated by both movie S1 available at stacks.iop.org/JPhysCM/23/072206/mmedia and figure 5(a) should reflect the inverse migration of oppositely charged meso-clusters.
In order to demonstrate the nucleosome-like charge reversal phenomena unambiguously, figure 5(b) displays the variations in the slope of the linear relationship between the applied electric field and the inherent electrophoretic velocity that eliminates the electroosmotic contribution from the measured velocity. As the nucleotide concentration, equivalent of the charge density q DNA that DNA-L chains carry, is increased, the slope, which signifies the electrophoretic mobility, decreases until its sign reverses at a critical DNA concentration; this inversion precisely marks the emergence of negatively charged DNA-wrapped meso-clusters, or scaleup nucleosomes. In figure 5(c) , we depict the dependence of electrophoretic mobility on q DNA . These data allow us to determine the critical density, q * DNA , where the mean electrophoretic mobilities of the scale-up nucleosomes vanish regardless of the DNA type. We find from figure 5(c) that 0.6 μM < q * DNA < 0.9 μM. Based on these results, we first evaluate the effective charge number Z meso per DNA-free meso-cluster from the slope of q DNA = 0 in figure 5(b) . To relate the electrophoretic mobility μ to the effective charge number which each colloid carries, we need to evaluate the Debye-Hückel screening length κ −1 (I ), generally defined by κ 2 = 4πl B I , using the ionic strength I due to free ions surrounding colloids and the Bjerrum length l B = e 2 /(4π k B T ), with e the elementary charge and the permittivity of the solvent. In the case of meso-clusters, the ionic strength is determined by both counterions and octamers, giving I = q * DNA + z 2 octa c octa , with z octa the effective charge number per octamer and c octa the concentration of octamer cores. We will validate the approximation, q * DNA ≈ z octa c octa , below, which allows us to rewrite the ionic strength as I ≈ q * DNA + z octa q * DNA . We then have κ −1 (I ) = 95 nm, or κa = 0.8, setting that z octa = 30 [25] and 2a = 100 nm. Recent simulation results demonstrate that the following Huckel formula is valid for κa < 1 [28] :
, where the reduced dimensionless mobility is defined by μ red = {3eη/(2 k B T )}μ. We thus find that which is within the range 270 Z max 580 of the saturation charge number Z max that has been experimentally evaluated for various salt-free colloids [29] 3 . Electrophoresis experiments 3 The maximum number Z max of effective charges is given by have thus demonstrated that the histone-based self-assembly create maximally charged submicron colloids, i.e. equilibrium meso-clusters. Finally, we would like to point out that overall electrical neutrality at the isoelectric point of meso-clusters provides an effective charge z octa per octamer that agrees well with the previous result of z octa = 30 [25] . As found from equation (2), the maximum charge number satisfies that Z max ≈ Z meso < 10 3 , and figure 4 indicates that C meso < 10 −6 μM for ρ histone = 40 mg l −1 , which is twenty times larger than the present density of ρ histone = 2 mg l −1 . We have thus found that the charge density of meso-clusters given by Z meso C meso never fails to violate the condition Z meso C meso < 10 −3 μM, meaning that Z meso C meso q * DNA . Accordingly, the electrical neutrality relation, q * DNA = Z meso C meso + z octa c octa , can be approximated as q * DNA ≈ z octa c octa ≈ z octa ρ octa /M w , where M w is the molecular weight of histone octamers. These evaluations not only verify the above assumption in obtaining Z meso but also yield the correct value of z octa ≈ 30, which is nothing but the relevant number of electrostatic DNA-histone contacts [25] . The present coincidence of z octa conversely supports our discussions in obtaining equation (2).
Concluding remarks
Our experiments have unambiguously demonstrated that submicron equilibrium clusters of histone protein are generated in a centrifuged supernatant containing no initial aggregates and further self-assemble into oppositely charged ones with DNA wrapped around, or scale-up nucleosomes. It is fundamentally important to investigate the cluster formation of globular proteins in terms of crystallization, which is an indispensable process in structural biology [20] [21] [22] . Therefore, it should be addressed in the future whether or not the stable and visible meso-clusters of genuine histone become precrystalline aggregates when the DNA-free histone solutions are adapted to a crystallizing condition [21, 22] . We also envision that the present discovery of histone-based self-assembly into oppositely charged meso-clusters of DNA-histone complexes may open up the potential for new building blocks of functional materials using the DNA-based self-assembly [30] ; for example, the submicron scale-up nucleosomes could selfassemble into a three-dimensional architecture of inorganicbiological hybrids by adding submicron DNA-functionalized colloids such as quantum dots and gold nanoparticles.
